Abstract Radiation exposure, particularly at a young age, is an established cause of breast cancer. It is not known whether radiation-related breast cancer risk varies by molecular subtype. We characterized the relative risk (RR) of contralateral breast cancer (CBC) related to radiotherapy by histology and estrogen receptor (ER) status of the CBC in five-year survivors in the Surveillance, Epidemiology, and End Results database using Poisson regression models adjusted for attained age and calendar year, age at and year of treatment, ER status of the first breast cancer, and disease stage. 205,316 female breast cancer survivors were followed for an average of 10 years from 1973 until 2007, during which time 6924 women developed a subsequent primary invasive breast cancer in the contralateral breast. The overall RR (and 95% confidence interval (CI)) of radiotherapy-related CBC was 1.11 (1.05-1.16). There was no heterogeneity in risk according to histology of the CBC (P [ 0.50) for all ages or young age at exposure, but case numbers were small for subtypes other than ductal and lobular carcinomas. Information on ER status was available from 1990 onwards for 3546 CBC cases, of which 2597 (73%) were ER? and 949 (27%) were ER-. The RRs were 1.10 (1.02-1.19) for ER? CBC and 1.19 (1.04-1.35) for ER-CBC (P difference = 0.33). Among women treated age \35 years, radiation-related risk of CBC was nonsignificantly elevated for ER-(RR = 1.38, 95% CI: 0.96-1.97) but not for ER? tumors (RR = 0.80, 95% CI: 0.47-1.35) (P difference = 0.09). We did not find clear evidence that radiation-related risk varies by histology or ER status, but our findings, which were the first to examine this question, were suggestive of possible differences by ER status that may merit further investigation.
Introduction
Exposure to ionizing radiation is a well established risk factor for breast cancer. However, breast cancer is a highly heterogeneous disease, whose etiology appears to vary across the clinically distinct subtypes based, in part, on histology and hormone receptor expression. While increasing evidence suggests that hormonal and reproductive risk factors are associated with certain molecular subtypes and not others [1] [2] [3] [4] , it is not known whether the risk related to radiation exposure varies according to breast cancer subtypes. One reason to question whether there might be such variation is the difference in radiationrelated relative risk of breast cancer in Japanese atomic bomb survivors compared to radiation-exposed Western populations [5] . Only one previous study has examined the relationship between ionizing radiation and breast cancer according to estrogen receptor (ER) status [6] . No studies have examined risk by histology. The paucity of studies is, in part, because few studies have the necessary data which include information on both radiation exposure and tumor subtypes.
Previous studies have found an increased risk of contralateral breast cancer related to radiotherapy treatment for a first primary invasive breast cancer particularly when the first cancer occurs at ages under about 40 [7] [8] [9] . The Surveillance Epidemiology and End Results (SEER) database provides a rare opportunity to investigate whether the risk of radiation-related breast cancer varies by molecular subtypes because, in addition to information on radiotherapy, data on histology of the breast cancer are available. Moreover, in 1990 the SEER database began collecting information on ER status of breast cancers. Here, we evaluate the relationship between radiotherapy and contralateral breast cancer risk in this large dataset with longterm follow-up according to histology and ER status.
Methods

Population and follow-up
For our analyses by histology, the cohort was composed of women who were diagnosed with a first primary invasive breast cancer reported to one of the nine SEER registries after 1 January 1973, and who survived for at least five years. We excluded women who did not survive for five years because it appears to take at least five years between radiation exposure and solid cancer induction [10] . The follow-up time for developing breast cancer in the contralateral breast began five years after the date of initial breast cancer diagnosis and ended at the date of diagnosis of a second invasive breast cancer in the contralateral breast, last known vital status, death, or at the end of the study (31 December 2007), whichever occurred first. We restricted follow-up to attained ages \80 years because second cancers appear to be under reported among elderly patients [11] . We restricted outcomes to breast cancer of the contralateral breast and excluded ipsilateral second breast cancers because of the difficulty in distinguishing between recurrence and subsequent primary cancer. After excluding women who did not have breast cancer surgery or with unknown surgical status (n = 2,618), women who had unknown disease stage (n = 4,210), and women for whom it was unknown whether they received radiotherapy (n = 355) or those with bilateral or unspecified laterality of their first breast cancer (n = 937), our final cohort for analyses by histology included 205,316 female breast cancer survivors.
Information on ER status was not collected in SEER until 1990. Thus, for our analyses by ER status of the CBC, we used the same inclusion and exclusion criteria to define our cohort as described above with one exception: we included only women who were diagnosed with a first primary breast cancer beginning 1 January 1985. Thus, the earliest a contralateral breast cancer diagnosis could occur in this analysis was 1 January 1990. The final cohort for analyses by ER status included 150,183 female breast cancer survivors.
For all analyses, women were classified according to whether they had received radiotherapy as part of their initial breast cancer treatment. The year of treatment was assumed to be the same as the year of diagnosis of a first primary invasive breast cancer.
Histology groupings
The following histology groupings were defined using 
Statistical analysis
Poisson regression analysis was used to estimate the relative risks (RR) and 95% confidence intervals (CI) for the contralateral breast cancers according to ER status and histology after radiotherapy and surgery compared with surgery alone. The expected number of breast cancers in the general US population for each type of breast cancer was used as an offset to indirectly adjust for attained age, race, and attained calendar period [12] . Analyses were additionally adjusted for disease stage, age at treatment and year of first breast cancer diagnosis using stratification. Tests for heterogeneity of the RR by contralateral breast cancer histology and ER status were conducted using likelihood ratio tests. Because the relative risk for radiation-related breast cancer decreases with increasing age at exposure [5] , we also conducted separate analyses for subgroups defined by age at first breast cancer diagnosis (a proxy for age at radiotherapy). Although we did not have information on adjuvant therapies, we did have information on the ER status of the first breast cancer for those diagnosed after 1990, and thus, could adjust for ER status as a proxy for adjuvant hormone therapy [13] , assuming that patients diagnosed with an ER? first primary breast cancer were treated with adjuvant hormone therapy. Moreover, adjusting for the ER status of the first primary breast cancers accounts for correlation in ER status between the first and second cancers. We did not include type of surgery (breast-conserving vs. mastectomy) in the models because CBC risk estimates related to radiotherapy did not differ according to surgery type [7] . All statistical analyses were conducted using Epicure [14] .
Results
A total of 205,316 women who were diagnosed with a first primary invasive breast cancer and survived at least five years were included in this study. The women were followed up for a mean of 10 years. During the follow-up period from 1978 until 2007, 6,924 women developed a subsequent primary invasive breast cancer in the contralateral breast. Of these 3,546 were diagnosed after 1990 and had known ER status. Among the cases of contralateral breast cancer, the most common histology was ductal carcinoma (n = 5,233, 75.6%), followed by lobular carcinoma (n = 686, 9.9%), mixed (n = 590, 8.5%), mucinous (n = 160, 2.3%), tubular (n = 89, 1.3%), medullary (n = 83, 1.2%), papillary (n = 46, 0.7%), and inflammatory (n = 37, 0.5%). ER positive contralateral breast cancers were more common (n = 2,597, 73.2%) than ER negative cancers (n = 949, 26.8%) among those cases for whom ER status was known.
Overall, 41% of women were treated for breast cancer with radiotherapy and surgery compared with 59% who were treated with surgery only (Table 1) . Radiotherapy was more frequently used in women under 60 years of age compared with women diagnosed after age 60, and more frequently used in later time periods and in breast cancer cases with distant metastases than localized or regional disease. Among those women for whom ER status was known (n = 150,183), 48% received radiotherapy plus surgery as opposed to 52% who were treated with surgery only.
The relative risks related to radiotherapy by histology were identical for ductal and lobular breast carcinomas (RR = 1.13, 95% CI: 1.06-1.20; and RR = 1.13, 95% CI: 0.96-1.34; respectively), which were the two most common histopathologies, collectively making up 86% of all contralateral breast cancers ( Table 2) . RR of ductal CBC related to radiotherapy did not vary significantly by age at treatment: for women treated at younger ages (\ 35 years), the relative risk was 1.35 (95% CI: 1.06-1.72), and for women treated at older ages (60? years), the relative risk was 1.18 (95% CI: 1.05-1.31) (P trend = 0.49). The risk of radiation-related lobular CBC was significantly elevated only for women treated at age 60 or greater (RR = 1.33, 95% CI: 1.01-1.75): the trend by age was not significant (P trend = 0.11) but there were few cases diagnosed \ age 45. Comparing ductal and lobular histologies only, there was no heterogeneity in risk (P = 0.40), even when restricting analyses to women treated at \35 years or women treated at 60? years (P = 0.47 and P = 0.28, respectively). There also was no heterogeneity in risk (P [ 0.50) by histological type overall or within any agestratum (age \35 years or 60? years at treatment (P [ 0.50 and P = 0.42, respectively)).
There were 3,546 contralateral breast cancers with known ER status diagnosed during the follow-up period from 1990 to 2007, of which 73% were ER positive and 27% were ER negative. The relative risks (and 95% confidence intervals) related to radiotherapy were 1.10 (1.
However, case numbers were relatively small (n = 60, 122) and this difference was not statistically significant (P = 0.09). There were no clear differences in risk by the ER status at older ages of treatment (Table 3) .
Discussion
This large study with long-term follow-up using the SEER 9 database is the first to examine whether the risk of contralateral second primary breast cancer related to radiation varies by histology or estrogen receptor status of the CBC. Given that breast cancer is a highly heterogeneous disease and that the magnitude of the relative risk of radiationrelated breast cancer is higher in Japanese atomic bomb survivors than in Western populations, we hypothesized that the risk of radiation-related breast cancer varies by molecular subtypes, and specifically, by ER status or histology of the CBC. Our findings are suggestive but not statistically significant of potential variation in radiationrelated breast cancer risk by ER status, particularly among women treated at younger ages. There were no clear differences in risk with respect to histology of the CBC.
Only one previous study has examined radiation-related breast cancer by molecular subtypes, specifically by ER and progesterone receptor (PR) status [6] . In a case-control study in North Carolina of 862 breast cancer cases and 790 controls, the risk of breast cancer after self-reported diagnostic and/or therapeutic medical radiation exposure to the chest (measured as a dichotomous ever/never variable) was slightly elevated but not statistically significant (OR = 1.1, 95% CI: 0.7-1.6), no substantial overall difference in risk by ER/PR status was found [6] . When analyses were restricted to pre-and peri-menopausal women at diagnosis, radiation-related breast cancer risk was higher for ER-/PR- , 1983-1992, 1993?) breast cancers (RR = 1.8, 95% CI: 0.5-5.9) compared with ER?/PR? breast cancers (RR = 0.6, 95% CI: 0.1-3.4), but the confidence intervals were very wide. Radiation dose to the breast varies substantially between diagnostic and therapeutic uses of medical radiation (i.e., therapeutic doses could be orders of magnitude larger than diagnostic doses), and thus, combining these exposures into a single exposure variable make the results somewhat difficult to interpret. However, our finding that radiation-related risk may be higher for ER-than for ER? CBC among women exposed at younger ages is consistent with the previous study. No studies have previously investigated variation in radiation-related breast cancer risks by histology. An increased risk of CBC related to radiotherapy at older ages of treatment (60? years) was previously identified using the SEER database [7] . Our findings indicate that this increase is present for both lobular and ductal CBC histologies. While it is generally understood that the risk of radiation-related breast cancer is very small after menopause [5] , a recent pooled analysis of randomized clinical trials also found that exposure to radiotherapy for breast cancer at an older age increases the risk of radiation-related CBC [15] . This finding is worrisome, given the very large number of older women who are diagnosed with breast cancer every year and treated with radiotherapy.
The SEER database of breast cancer survivors is among the largest datasets with long-term follow-up and the necessary data needed to examine variation in radiation-related cancer risk by subtypes. Nevertheless, the number of CBC cases after treatment at a young age, a time of greater radiation sensitivity [5, 16] , was relatively small. Thus, our study may have lacked sufficient power to detect modest differences in risk. Our results suggest that radiation-related risk was higher for ER-breast cancers among women who were treated at less than 35 years of age, but the number of cases was small so the confidence intervals were wide and were not statistically significant. Since data on ER status have been collected only since 1990 and latency of radiation-related breast cancer is at least five years [10] , continued evaluation of the SEER database may provide additional information with longer follow-up.
Another possible limitation of our study was the inability to adjust for certain potential confounders, such as adjuvant chemotherapy or hormonal treatments. The use of chemotherapy decreases the risk of CBC if used premenopausally, and this may have led to an underestimation of radiation-related CBC risk, particularly in women treated at earlier ages [17] . However, this effect should not differ by ER status and, thus, is unlikely to have biased our results [18] . Adjuvant hormonal therapies decrease the risk of developing an ER? CBC but have no effect on the risk of ER-breast cancer [19] . Thus, not adjusting for use of hormonal therapies could result in an underestimation of radiation-related ER? CBC, particularly among women treated at older ages with an ER? first breast cancer, since hormonal therapy is generally used in conjunction with radiation [13] . However, we were able to adjust for ER status of the first breast cancer as a proxy for adjuvant hormone treatment.
Other limitations of using the SEER cancer registries database for risks of CBC include potential loss to followup if individuals move away from the registry areas and underascertainment of radiotherapy [20] , but these are unlikely to differ by histology or ER status. Another limitation is lack of individual data on radiation dose to the contralateral breast; this is likely to have reduced statistical power, but is unlikely to have biased our results. The average dose to the contralateral breast from radiotherapy to treat unilateral breast cancer is about 1 Gy, but the dose can vary from 0.1 to 8.0 Gy depending on the treatment specifications and quadrant of the breast [9] . The contralateral breast dose has not changed substantially in the calendar period covered by our ER analyses (1985-2007) [9] , so variation in dose over time is unlikely to affect our results by ER status; furthermore, models were adjusted for calendar time.
It has long been debated why Japanese atomic bomb survivors have higher radiation-related relative risk of breast cancer than women in Western populations [5, 21] . While the difference in relative risks can be explained by differences in baseline incidence rates or radiation doserate effects, other factors may also contribute. For example, Japanese women have an earlier onset age-distribution of breast cancer compared with women in the U.S. [22] and, since ER-breast cancers have a younger age distribution than ER? breast cancers [23] , the proportion of ER-breast cancers may be higher in Japanese women than in the U.S. This could potentially contribute to the population differences in radiation-related relative risks. Our findings that radiation may increase risk of ER-more than ER? CBC among women exposed at younger ages support this hypothesis and warrant further exploration.
Few studies have the necessary information to examine radiation-related breast cancer risks by tumor types. One strength of this study is that it is the largest data set of which we are aware that has information on ER status of breast cancers as well as data on radiation exposure. Moreover, this is the first study to examine radiationrelated breast cancer risk by histology. Although we did not have data on chemotherapy or hormonal therapy, we were able to adjust for other potential confounders including disease stage and ER status of the first breast cancer.
Our study provides no clear evidence that radiationrelated risk of breast cancer varies by histology or estrogen receptor status. However, our findings are suggestive that radiation may increase risk of ER-but not ER? contralateral breast cancer among women treated at younger ages (\35). Further studies are needed to better understand these findings.
